Johnson-Laird 1983) of systems that they work with, which help them understand those systems and choose courses of action for using them. In this paper, we report on a study in which we investigated people's mental models of both traditional and digital libraries, in order to compare and contrast their understanding of these two kinds of information resources.
for. This would help ensure that their behaviour was as natural as possible (Sasse 1992) . Participants were told that they would be free to navigate and use the library (whether traditional or digital) as they saw fit in order to complete their task. In order to eliminate a potential order effect, half the participants used a traditional library first and the other half a digital library, as shown in Table 1. The central cells of   this table show the code names for the eight participants. Prior to the study, each participant was asked which digital libraries they used most frequently, so that the observer could ensure that he was reasonably familiar with the likely sources prior to the observation; however, it was made clear to participants that this should not constrain their choice of sources during the observation. Interestingly, some participants had a broad view of what they considered 'digital libraries' to be. Therefore some participants accessed digital entities such as indexing and abstracting databases and Internet search engines during their search. Although this was not expected, nor was it discouraged by the observer as it had the potential to yield important mentalmodel related findings. This later proved to be the case. The approach to data collection was based on Contextual Inquiry (Beyer & Holtzblatt 1998) , adapted to the context. In other words, participants were observed while working and asked to think aloud and, in addition, probing 'what,' 'how, ' 'why' and 'what if?' questions (Collins & Gentner 1987, Payne 1991) were asked at appropriate times before, during and after the observation in order to gain an insight into users' mental models. The observer also had a set of questions, concerning digital and traditional library comparisons and analogies, that he aimed to have covered during the contextual inquiry. These were: "Did you find the digital / traditional library similar to anything you have used in the past?" and "Did you notice any similarities / differences between the traditional and digital libraries?". These questions were covered during a short debriefing interview if they had not been addressed by participants spontaneously during the observation. These questions were not asked during observation to avoid biasing participants towards providing these types of comments non-spontaneously.
The observations were audio recorded and notes made by the researcher when the verbal data alone did not provide sufficient context. An example of this was when participants used elements of the library as props, by pointing to an interface element in a digital library or particular shelf or section in a traditional library. These notes were added to the appropriate parts of the transcriptions in square brackets (for example [User points to class mark on library shelf]). Researcher questions during observations were noted in bold. Although there was no set time limit for the tasks or observations, each participant provided about an hour of verbal data.
As noted by Posner (1989) , in studies of users' mental models, "it is necessary to infer the processes from the verbal reports that form part of the user's mental model, rather than attempt to encode processes directly." Therefore, a coding scheme was derived from the recurring themes identified in the verbal protocols. We identified the themes listed below. Each theme represents a different aspect of users' mental models:
1. Similarities and differences between traditional and digital libraries 
Troubleshooting issues
Data for all the users were transcribed and analysed according to this coding scheme.
RESULTS
During the traditional library search, all participants chose to use the University Science Library and electronic catalogue system, which contains details about documents held in all university libraries (referred to from now on as the 'traditional library catalogue'). The traditional library catalogues were accessed from standalone computers which did not have access to the Internet. Some participants used Internet search engines to aid either their traditional or digital library searches. All the HCI-E students chose to use the ACM Digital Library and one participant also used the HCI Bibliography participants chose to use at least one digital library that they were already familiar with, and all libraries chosen had a strong HCI or Librarianship content.
The participants all chose to conduct information-seeking tasks based on narrow topics related to their Masters theses that they had not previously covered. These topics ranged from the design of children's libraries to voice user interfaces. All users focused on search-based information-seeking, although many also chose to browse documents on the shelves in the traditional library.
We present the main findings from this study according to the eight themes that were identified as aspects of users' mental models. It should be noted that the divide between traditional and digital libraries is somewhat blurred by the use of electronic catalogues to support searching in traditional libraries and of occasional Internet searching to support finding documents in both kinds of libraries. In the presentation of results, we include quotations from participants to illustrate the findings.
Theme 1: Similarities and differences between traditional and digital libraries
Participants regarded both traditional and digital libraries as having an element of hierarchical organisation:
"A digital library is organised in a similar way in that it splits things up into articles and books and things like that and I suppose a physical library splits things up into sections such as journals and books, so they're kinda organised in a similar way." -H2
Furthermore, the broad information-seeking goals of users can be satisfied in both traditional and digital libraries. However, participants highlighted differences in the process of working with traditional and digital libraries:
"[You use] similar search terms, using 'design,' 'layout,', umm, you're both typing search terms into a box and clicking 'go', so they both start off similar. But using the traditional library then moves over and you're browsing through books and looking at indexes, contents pages, looking through chapters, whereas this one just sort of stays online, and you're just looking through lists of abstracts and things." -L1
Superficial differences were identified between traditional and digital libraries:
"There's a lot more of them [available documents] because they're all electronic." -H3
These differences influence how each type of library is used with regard to the ownership of documents and how users go about using them to fulfil their wider information-seeking goals:
"Going and looking for the book itself is a different experience as you're physically going to a floor and taking books off the shelf and I have to take it out for a set period of time and return it, whereas with a digital library I can just save an article to my hard disk." -H1
"Something I do in a physical library is that I pick up a book when I think it might be useful and scan read it. You haven't got the option on a digital library and that makes me a lot more choosy about what I think might be relevant in a digital library." -L2
Although the overall goal of information-seeking was deemed to be the same, participants were aware that different (but overlapping) information-seeking goals could be fulfilled by each type of library:
"One of the important differences would be the subject matter of what I'm looking for. In a traditional library, I'm looking for books so probably looking for searches under the title and the author because there's not a lot else that they would have entered into the library system.
Whereas when I'm looking on Google, it can search through the text, and ACM, the abstract as well as the title, the full text of the papers." -H4
Participants also highlighted that traditional and digital libraries have contrasting benefits. Digital libraries can bring back seemingly irrelevant results, yet it is quicker and easier for users to assess the relevance of electronic documents than traditional library catalogue entries, since only limited metadata about each document is displayed to users. However, this is counter-balanced by the perceived quality of physical resources, which may be available exclusively offline.
Participants also noted that there are often fewer resources on the traditional library catalogue, which can lead to greater search accuracy when compared with searching in a digital library. Two LIS students, with their greater insights into cataloguing and classification, attributed this to human involvement in the cataloguing of electronic library catalogues. For example:
"The standard of cataloguing and classification of books is much higher than in digital libraries." -
L4
Conversely, one LIS student identified the need for more careful selection of search terms using the traditional library catalogue which was attributed to out-of-date software and the fact that the catalogue does not support full text searching:
"The library catalogue doesn't cope with 3 word terms very well. You have to be more specific in the catalogue. In the digital library, you can probably use many more search terms. The [electronic catalogue] software is not as good and is probably not as up-to-date." -L2
Our findings indicate that users have a good idea of the layout and procedures in the traditional library: Kieras (1982) terms this 'how inputs become outputs'. However, with digital libraries users tended to focus more on describing the common inputs (search terms) and outputs (search results) with varied levels of understanding of how search terms are turned into search results. This is further discussed below.
Users seemed to be aware of how their information-seeking goals could be accomplished in the context of both types of system. They took a more search-centred approach to information-seeking in digital libraries than in traditional libraries, where both searching the electronic catalogue and physically browsing the shelves were common. Users also demonstrated that they were aware of how their goals could be accomplished in both types of library, as discussed above.
There was widespread disagreement about which resources returned the most relevant results and why.
As noted above, some held the view that the electronic catalogue of the traditional library returned more relevant results than the digital library due to human involvement in cataloguing. One HCI-E student (H4) assumed that the digital library would return too many results that the system would judge as relevant but the user would not. Another (H3) assumed that the electronic catalogue brought back fewer results because less thought had been put into designing the search component. This reflects the impoverished nature of subjects' mental models of the searching and relevance ranking systems they used, as discussed further below.
Theme 2: Access issues
One aspect of library use that affected participants in both types of library was that of access rights. The notion of a library card as a key to accessing documents in the traditional library was held by all participants although, since the task did not explicitly ask participants to take documents out of the library building, there were not as many comments surrounding traditional library access as might be expected.
As well as providing physical access to the library building, the library card was identified as a physical entity which holds information about the patron based on the barcode printed on the card. It was also regarded as an entity which would restrict the number of documents that could be loaned from the library at any one time: them and make sure that they had stuff that I was sure was relevant." -L1
using libraries for which they did not have a clear idea of how access restrictions applied. Conversely, users reported often only seeking out information from sources that they knew they had unrestricted access to.
Sometimes, user sidestepped the issue of electronic access by reverting to traditional forms of information seeking in order to retrieve the full-text of documents that might be difficult to obtain due to access restrictions in a digital library:
"The access can be really slow and confusing when using different journal providers, so I'd rather use indexing services like LISA and the physical journals themselves." -L3
Some participants highlighted the confusion arising from having to access different information through different providers. This was highlighted by one electronic provider who re-directed the user to other digital libraries to continue their information seeking task:
"Ok, that leads me to a different digital library […] Emerald […] or maybe it's just a publisher of the book." -L4
In addition, it is possible for the user to be re-directed to a site which is assumed to be another digital library but is not, and hence hampers the search for information:
"It leads me to a different database […] to Kluwer […] . At this point I would not look at this further.
It doesn't seem to give me what I want." -L2
Although one participant (L3) did note a positive benefit of access restrictions, in terms of helping to assure document quality, the study has shown that access issues are a source of confusion and inconsistency in users' mental models, and that such issues can have a negative impact on user behaviour. By being unwilling to invest time in verifying assumptions, and instead seeking only information from sources which the user knows provide unrestricted access, or reverting to traditional forms of information-seeking, users are demonstrating parsimony in mental planning (Norman 1983 ).
Participants demonstrated risk-averse, satisficing behaviours that avoided potentially time-consuming exploration. This unadventurous behaviour prevented participants from developing more sophisticated mental models of access systems.
Theme 3: Assessment of library content
As noted above, users were sometimes unaware that they could access documents in other physical libraries, and focused entirely on the University Science Library. For digital libraries, there was more explicit recognition that the user had choices. However, users reported difficulties in knowing which digital libraries contain information on certain subjects, particularly if they had accessed the Athens portal (www.athensams.net), which provides managed access to a broad range of subscription-based digital resources: "In the Athens there's lots of individual electronic libraries and some of them have got certain stuff in and some of them have got other stuff in. I find it fairly hit and miss." -H3
Even once the user has identified which digital library may be relevant to their search, access issues combine with the blurred boundaries surrounding which providers provide which journals. This causes further confusion. In addition, older journals are often not carried by digital libraries, which forces users to revert to printed collections or avoid using full-text digital libraries altogether: 
Theme 4: Document and results organisation
Within a particular library, the next issue is how materials are organised. On this topic, participants were more articulate about traditional than digital libraries.
All participants described documents in a traditional library as being arranged hierarchically. In addition, two LIS students noted that, although different libraries may have different classifications systems for organising documents, the way of finding documents in traditional libraries is broadly similar:
"I've been through 5 or 6 years of universities and have used different libraries, but I usually approach it in the same broad way, I find the classmark and browse the area." -L4 discoveries about how searching actually worked. This illustrates the important role of interaction and feedback in helping users develop appropriate mental models, a topic to which we return below:
"To be honest with you, I can't see why it brought up 'indexing and museum'. [Clicks on hyperlink]. Oh, here it is in the subject field […]Because I asked it to do an 'all-fields' search, so it's not just searching the title fields, it's searching the subject fields as well." -L2
Similar confusion surrounded how searching works on an electronic library catalogue within the traditional library: "It's looking for results containing 'Christopher' and 'Alexander' but I don't think it's recognised the author, I mean it's come out with articles with 'Christopher' and 'Alexander' in them, but I would have expected articles by Christopher Alexander at the top of the screen" -H3
An awareness that they had a poor understanding of how search works led many users to try searches of which they had low expectations:
"So I'm typing in 'pattern languages,' but I know this is a real long shot." -H3 "I'm not sure that word's very useful, but I'm going to do it anyway." -L3
Overall, traditional library users have built a strong knowledge of the layout of the library and how documents are organised. This is supported by physical cues such as signage and inductions run by librarians. This knowledge sometimes allows users to form assumptions about the potential relevance or utility of a document in the traditional library based on location. The lack of such depth of knowledge with regard to digital libraries suggests the need for more effective digital cues to help users understand how information is organised and presented.
The perception that browsing is not possible in a digital library may be explained as users having incomplete models (Norman 1983 , Payne 1991 , Sasse 1997 ) due, at least in part, to them focusing on search-based information-seeking goals. This perception is exacerbated by the current interface designs of digital libraries, which tend to focus on search features.
With regard to how searching works and results are organised, users' varying levels of understanding might be explained by errors in the users' perceived internal structure of the system (Kieras 1982 ), which in turn might be caused by a lack of relevant feedback from the system. It may also be due to users forming their own boundaries (Norman 1983) about what their mental model of a library should
include.
An interesting symptom of this varying level of understanding is the distrust that HCIE-E students felt for the ACM relevance bar, resulting in the formation of heuristics (Collins & Gentner 1987 , Norman 1983 based on personal opinions of relevance that may or may not be appropriate. Another symptom is the fact that users are often prepared to conduct searches which they anticipate are unlikely to yield valuable results, exhibiting 'superstitious behaviour' (Norman 1983) . Since all users employed relatively sophisticated searching strategies and indicated a sound level of competence with searching digital domains, it is likely that lack of appropriate feedback when searching is the underlying cause of 'how-itworks' confusion with regard to searching and obtaining relevant and consistent results. Looking up references and citations was highlighted as an important way of ascertaining document relevance in both traditional and digital libraries:
"If there's a good book on this area, these two papers are likely to quote from it," -H3
In a digital library, where there are fewer types of cues to the user, participants placed more emphasis on reading the titles and abstracts of documents than on skimming through the contents for assessing relevance.
Overall, users tend to ascertain relevance of traditional and digital documents in different ways, which suggests that users are aware of the appropriateness of the methods and actions that they employ (Borgman 1986 , Norman 1983 . For example, 'flicking' and 'scanning' paper documents is currently far easier than its electronic equivalent, and is hence better suited to use in a traditional library, whilst the abundance of abstracts in digital libraries make scanning an abstract a feasible alternative to attempting to scan the document by scrolling through it. Testing assumptions in the mental model can also have an negative result. In the case below, the participant assumes that the CrossRef search front-end to the ACM digital library finds documents written by the same author. Since this is one, but not the only, function possible using this front-end, the user's assumptions have led to the construction of a highly limited mental model of how it works, and in this particular instance the feedback from the system supports this limited model:
"I'd be tempted to put in an author's name that I knew of to see if it brought up similar articles.
Actually, let's try it, I'll type in 'Drew' because she does lots of things on usability [conducts search].
This is showing me all the articles that the author's written I think, because this person is always included in the author's list. So maybe it does do what I thought it would!" -H2
System feedback was also found to influence users' future searching behaviour by suggesting potentially useful search terms for subsequent searches. These either described a slightly different (but relevant) aspect of the search topic or were synonyms of search terms used previously:
"I'm going to go back to my original search list and put in 'dialogue' and 'coding' because I hadn't thought about looking for that term, but even some of the articles I found a minute ago had stuff in it about dialogue structure." -H2
These findings highlight how system feedback can play a key role in ensuring as complete a mental model as possible is formed by the user in order to maximise their understanding of the system (Norman 1983 , Payne 1991 , Sasse 1997 , Staggers & Norcio 1993 . Effective feedback can help users to spontaneously construct new models of unfamiliar systems or aspects of systems (Norman 1983) and to revise their existing mental models (Kieras 1982) . A challenge for digital library developers is to design systems that promote the creation of accurate and rich mental models that are likely to support users in achieving their goals.
Theme 8: Troubleshooting issues
Participants often had troubleshooting strategies in a traditional library to support information finding.
This might involve checking the surrounding area of the shelves where the document was supposed to be, checking the returns trolley and/or checking whether the document was out on loan before either asking a librarian for help or requesting that the book be held if and when it is returned. When more detailed searching assistance was required, participants reported turning to a librarian for support. One participant also surmised that librarians could be a useful source of information if the electronic catalogue was not functioning, since they might keep a paper record of how documents are organised in the traditional library.
Participants regarded troubleshooting information-seeking problems in a digital library to be far from as straightforward as with a traditional library:
"Usually I just give up, it's very frustrating! […] I've e-mailed them about it and they haven't got back to me! It is frustrating, it's awful, because you've got nowhere to go [for help]. At least in the
[traditional] library, there might be something next to it that might still be relevant. You can get round it more I think with traditional things, but when it's a digital library, I just feel hopeless!" -L3
Participants did, however, suggest potential avenues for exploration if a document could not be found in a particular digital library, by turning to either another digital library or a general Internet search engine.
For example:
"I'd probably try the Internet and that is a huge, it's not catalogued or classified, so it's not technically a library, but you might find something on the Internet." -L1
Traditional library users held detailed knowledge of library procedures. This allowed them to form wellreasoned behaviour patterns (Norman 1983 ) when they could not find a particular document where it was supposed to be on the shelves, or encountered other problems in the library. In effect, this provided users with procedures for troubleshooting and maintenance (Staggers & Norcio 1993) .
Users recognise that some of this troubleshooting knowledge can be provided by librarians, along with other 'how-to-use-it' and 'how-it-works' knowledge about the library and about information-seeking strategies in general. Current digital libraries do not facilitate troubleshooting of this kind, particularly with regard to searching behaviour. This highlights the need for digital libraries to facilitate troubleshooting in order to avoid users taking potentially inappropriate remedial action when things go wrong, such as turning to another digital library or a general Internet search engine.
DISCUSSION AND CONCLUSIONS
In this study, we recruited participants who were relatively sophisticated users of library systems, all having a background in either librarianship or Human-Computer Interaction, and all having prior familiarity with both traditional and digital libraries. We expected this user population to have a more sophisticated understanding of the systems with which they chose to work than, for example, the computer scientists who participated in some of our earlier studies (Blandford, Stelmaszewska & BryanKinns 2001) . And indeed, these users were able to achieve their chosen objectives (i.e. to find information relevant to their dissertations in both types of library), but did so inefficiently.
As discussed above, there is rich evidence that possession of appropriate mental models leads to more effective use of systems. This study has shown that these users have formed only rudimentary mental models of the digital libraries they chose to access. For example, they have limited understanding of how documents are organised, how to tailor queries to particular search engines, how access mechanisms work and how search results are ranked. Consequently, participants' strategies for finding information were suboptimal, and there were undoubtedly missed opportunities (e.g. because participants were reluctant to investigate access rights if it involved them entering any personal information whatsoever). Moreover, although users engaged in limited exploration, they were sometimes unwilling to explore and at other times unable to interpret the results of exploration in ways that would enable them to develop more sophisticated models, and hence (potentially) more sophisticated searching capabilities.
Our participants recognised that traditional and digital libraries can fulfil different but overlapping information-seeking goals; indeed, these information resources were regarded as just two of a larger set of information sources that included the World Wide Web and Internet search engines. Participants were generally articulate about the differences between physical and digital information resources, but much less so about the differences between various digital information systems (including the traditional library electronic catalogue). For example, users tend to ascertain relevance of physical and digital documents in different ways, suggesting that they are aware of the appropriateness of the methods and actions that they employ when assessing document relevance in each medium.
These users had a good idea of the layout and procedures in the traditional library and therefore were better able to articulate procedures for troubleshooting there than in the digital library. The relatively impoverished nature of their mental models of digital libraries suggests the need for improved digital cues and feedback, as well as indicating an important role for the librarian and for new forms of education on working with information. As well as addressing the issue of improving mental models, there is clearly scope for exploring new ways of supporting immediate troubleshooting in digital libraries.
The lack of detailed knowledge of 'how inputs become outputs' (Kieras 1982 ) in a digital library might help explain why digital library users are often prepared to conduct searches which they do not expect to yield valuable results, as discussed above. One participant was able to use outputs from one search to suggest new terms for a subsequent search. This sophisticated probing of a library to expand the set of search terms was found in an earlier study of expert users (Fields, Keith & Blandford 2004 ). However, this behaviour was the exception rather than the rule in the current study, and appeared to be more serendipitous than deliberate. Participants showed very limited understanding of why the system returned the results it did or how it organised them, and hence how to formulate effective queries or to refine searches. A clear challenge for developers is to find ways of giving feedback to users that reduces the element of mystery surrounding the specifics of different search technologies.
Users' understanding of the differences between the search components of digital libraries, Internet search engines, electronic library catalogues and e-commerce sites were not well developed. There was a little discussion of the fact that these systems search over different data sources (titles, metadata, abstracts, full content, etc.). There was some recognition that systems might support different syntax (see for example the use of wild cards as presented above) and rank documents in different ways.
There was no discussion on the possible effects of Boolean operators being treated differently by different search engines (e.g. is the default search an 'AND' search or an 'OR' one? and does the order in which search terms are entered affect the results ranking?). Nor was there any mention of stemming.
Overall, participants showed limited understanding of the factors that might influence search, and even less of which systems had which features, or of how to probe systems to develop a richer mental model of them. This is an important area for future research.
Access restrictions were also found to be an important part of users' mental models of digital libraries; a poor understanding of access rights had a potentially negative impact on user behaviour. One unexpected finding of this study was that users are more reluctant to engage in exploratory behaviour to improve their understanding of access rights than of other aspects of digital libraries. Digital library developers need to address the potentially inhibiting effects of user caution and limited trust.
The study has highlighted areas for attention in digital library design if users of those libraries are to develop richer mental models that will make them more effective information consumers. In our own work, we have started to explore the potential for providing search tips for users to help them develop a richer and more appropriate understanding of search engine behaviour (Stelmaszewska, Blandford & Buchanan 2005) , and we will be investigating further approaches that empower users. As discussed above, users need better support for: understanding how to formulate effective queries; understanding why they have got particular results; assessing document relevance; gaining confidence regarding access rights; exploring to support the development of useful mental models; and making appropriate comparisons between different systems (including search engines, e-commerce sites and electronic library catalogues). Such advances have the potential to transform users' interactions with digital information resources.
